Objectives: To evaluate the association between use of different antibiotics and trimethoprim resistance at the population level.
Introduction
A clear link exists between antimicrobial consumption and resistance rates of bacteria. [1] [2] [3] Studies linking antibiotic usage and resistance at the population level usually focus on crude associations between the resistance against a specific antibiotic and the use of that specific antibiotic or antibiotic group. 2, 4, 5 Confounding by use of other antibiotics and the fact that (multiple) resistance genes are often linked, thereby allowing co-selection, are typically ignored. Confounding by other antibiotics may occur if a reduction in one antibiotic is accompanied by an increase in another (related) antibiotic. For example, if one were to replace amoxicillin with ampicillin, one would not expect a change in amoxicillin resistance given the near complete cross-resistance between these two antibiotics. Additionally, treatment with one agent may increase the density of organisms resistant to another agent within a patient, by killing off competing bacterial flora. 6 Co-selection can occur when resistance genes are linked on the same mobile genetic element, which acts as a resistance 'vector'. For example, it is wellknown that ampicillin and trimethoprim resistance genes are often linked on such elements. [7] [8] [9] Therefore, when prescribing ampicillin one not only selects for amoxicillin resistance genes, but also for the linked trimethoprim resistance genes.
Some studies, the majority using individual patient data, have incorporated at least some potential confounders/determinants in regression models, including patient demographics and/or a selected group of other antibiotics. [10] [11] [12] [13] [14] Nevertheless, these studies adjusted for only a small, selected subset of other antibiotics or all other antibiotics grouped together, thereby missing the opportunity to adequately control for confounding by other antibiotics and potentially identify co-selection.
If the use of other antibiotics is simultaneously put in a model, one can not only adjust for such confounding, but also identify potential (unknown) co-selection. The latter is especially relevant since microbiological studies often cite co-selection as an important cause of increasing, or maintenance of existing, resistance prevalence levels. Moreover, microbiological studies often test only for cross-resistance between routinely tested antibiotics, thereby limiting the possibility to identify potential co-selection by antibiotics for which resistance is not routinely tested because these other antibiotics are rarely used to treat the infection of interest. Nevertheless, prescribing for other conditions can also result in an increase in resistance among the pathogens causing the infection of interest due to co-selection. Evaluating the associations between the use of different antibiotic groups and resistance prevalence could substantially improve our understanding of the role of co-selection in the development and maintenance of resistance at the population level, and potentially therefore insight into the potential impact on resistance of reductions in antibiotic use.
Given a recent change to guidelines in England, which recommend prescribing trimethoprim only if there is low risk of resistance, a decrease in trimethoprim use can be expected in the primary care setting. To be able to predict what impact this may have on trimethoprim resistance, the co-selection potential of other antibiotics needs to be identified.
We aimed to evaluate which antibiotic groups may select for trimethoprim resistance and to what extent in Enterobacteriaceae isolated from urinary samples in England. We hypothesized we would find associations between (i) trimethoprim use and trimethoprim resistance 1, 4, 13 and (ii) ampicillin use and trimethoprim resistance, [7] [8] [9] but potentially also (iii) identify unknown coselection mechanisms.
Methods

Ethics
All data were collected as part of routine surveillance and were anonymized; Ethics Committee approval was therefore not required.
Data
Monthly prescribing data were obtained from NHS Digital, who collate for all general practices in England the total number of items that are prescribed and then dispensed (http://digital.nhs.uk/). Data on hospital use of antibiotics are not available. Prescribed units were measured using DDDs and items. To facilitate a more direct comparison with other countries, we created antibiotic groups based on the first five characters of the Anatomical Therapeutic Chemical (ATC) classification system. For the primary analysis, we analysed the data on a quarterly basis at the clinical commission group (CCG) level. CCGs are NHS organizations set up by the Health and Social Care Act 2012 to organize the delivery of NHS services in England. All general practices in England belong to one of 211 CCGs.
Reports of Enterobacteriaceae isolated from urine samples from general practice and hospital patients between April 2014 and January 2016 in England were extracted from PHE's Second Generation Surveillance System (SGSS). SGSS is a national voluntary laboratory surveillance system and captures antibiogram (i.e. antimicrobial susceptibility) data of all microorganisms tested. This national database contains laboratory data supplied electronically by approximately 98% of hospital microbiology laboratories in England. We used data from April 2014 onwards, because data coverage before this date was much more incomplete. During the study period, the vast majority of laboratories used BSAC disc diffusion methodology to test for trimethoprim resistance. A few laboratories used EUCAST or CLSI methodology. In our primary analysis, repeat specimen reports received from the same patient with matching causative agents were excluded if the specimen dates were within 14 days. Using different cut-offs (30 and 365 days) gave very similar results (data not shown).
Initial inspection of the data indicated that a standard Poisson generalized linear model would suffer from multi-collinearity and data sparsity issues. When two or more predictors in the regression model are highly correlated (multi-collinearity), the high obtained variances will make the results of a standard regression model essentially worthless. Moreover, given the relatively high number of potential predictors in the model, there is a risk of substantial bias due to a lack of sufficient numbers for some combinations of exposure and outcome levels (sparsity bias). 15 To be able to address potential overfitting and multicollinearity we used two different methods: elastic net regularization and generalized boosted regression models. [16] [17] [18] Elastic net regularization Elastic net regularization combines the advantages of both least absolute shrinkage and selection operator (lasso) 19 and ridge regression 20 (see Section S1, available as Supplementary data at JAC Online, for further details). Such regularization or shrinkage techniques are especially useful when encountering situations with high collinearity and a relatively large number of variables compared to the amount of observations. 15, 21 For the current analyses, we fitted a Poisson model with elastic net regularization. The number of Enterobacteriaceae isolates from urine samples reported to be resistant to trimethoprim by quarter was included as a dependent variable. To take into account that some CCGs tested more samples than others, the natural logarithm of the number of Enterobacteriaceae urinary samples tested was included as an offset variable. As potential explanatory variables we considered all antibiotic groups prescribed in the year before each quarterly measured trimethoprim resistance prevalence (which are listed in Table 1 ) and quarter of calendar year (Jan-Mar, Apr-Jun, Jul-Sep and Oct-Dec), year and the test rate (i.e. the number of Enterobacteriaceae urinary samples tested for trimethoprim resistance divided by the population in that area). The test rate was included, because if only a few samples are submitted the proportion of resistant samples will be likely higher than when samples are routinely tested. Continuous variables were standardized by mean-centring and dividing by two standard deviations. To keep antibiotics on the same scale, all antibiotics were mean-centred and divided by two standard deviations of total antibiotic use instead of using the standard deviations of individual antibiotics. All elastic net analyses were performed using the 'glmnet' package in R version 3.2.2. 17, 22 To reduce the false discovery rate often observed with standard application of regularization methods, we estimated the optimal shrinkage parameter k using the Akaike information criterion (AIC). 23 In sensitivity analysis, alternative ways of obtaining a more conservative shrinkage parameter were evaluated. 23 CIs were obtained by taking 1000 clustered bootstrap samples.
Generalized boosted regression models
The second method we used to model associations between different antibiotic groups and trimethoprim resistance was the generalized boosted regression model, or boosted regression trees (BRT). 18 BRT models are more robust to multicollinearity than standard regression by giving each of the Co-selection of trimethoprim resistance JAC correlated predictors a chance to be used in different trees. 24 Similarities with the lasso have been used to explain the success of boosting algorithms. 25 For the current analyses, we fitted a Poisson BRT. The number of Enterobacteriaceae isolates from urine samples reported to be resistant to trimethoprim by quarter was included again as the dependent variable. The number of samples tested for trimethoprim resistance was included as an offset variable.
Results are presented in terms of the relative influence and using partial dependence plots. Predictors are ranked using their relative influence, which is the contribution of each predictor to the model relative to the other predictors. The relative influence is defined as the reductions in the sum of squared error of the outcome (SSE) attributable to splits on predictors over all K trees. The relative influence of each variable is expressed as the percentage of the total reductions (100%) in the SSE. 26 All BRT analyses were performed using the 'gbm' and 'dismo' package in R version 3.2.2.
18,27
Sensitivity/secondary analyses Several sensitivity analyses were performed. First, in addition to expressing antibiotic use in DDDs/1000 inhabitants/day, antibiotic use at the CCG level was expressed as items dispensed. In addition, because resistance genes carried may differ between different species belonging to the Enterobacteriaceae family, we repeated the analyses separately for Escherichia coli, Klebsiella pneumoniae and Proteus mirabilis.
To address potential concerns about lack of independence between quarters of measurements within CCGs, we performed an additional crosssectional analysis using the average use for each antibiotic and the average trimethoprim resistance in each CCG over the entire study period. These data were also used to assess relationships between antibiotic groups and trimethoprim resistance using conventional Poisson regression with a separate model for each antibiotic (Table S1 ).
Results
For most antibiotic groups there was substantial variation in the amount of dispensed DDDs/1000 inhabitants/day (Table 1) . These variations were mainly due to variation between different CCGs and less due to variation between different points in time. Between April 2014 and January 2016, 2487635 (99%) of 2513285 Enterobacteriaceae isolates from urine samples from 1667839 patients were tested for trimethoprim resistance. After removing repeated samples occurring within 14 days within the same patient, 2294826 Enterobacteriaceae samples were available for analysis. The most common pathogens identified were E. coli (n " 1746013), K. pneumoniae (n " 70331) and P. mirabilis (n " 40905). The data were subsequently grouped into quarters for each CCG, resulting in 1672 observations. There was substantial variation between the rate of samples tested for trimethoprim resistance per 100000 persons (median " 5.3, 25th-75th percentile " 2.5-7.7). There was also variation in the percentage of Enterobacteriaceae isolates from urine samples that were resistant to trimethoprim (median " 35%, 25th-75th percentile " 33%-37%) ( Figure S1 ).
Poisson model with elastic net regularization
Antibiotic groups that were associated with increased trimethoprim resistance in at least 95% of the bootstrap samples were penicillins with extended spectrum (e.g. amoxicillin and ampicillin) and trimethoprim and derivatives (Table 2 ). Other antibiotic groups (combination of penicillins, including b-lactamase inhibitors; b-lactamase-sensitive penicillins; and second-generation cephalosporins) were associated with increased trimethoprim resistance, but not in 95% of the bootstrap samples. Nitrofurantoin and macrolides were the only antibiotic groups that were significantly associated with reduced trimethoprim resistance ( Table 2) . Similar results were obtained when alternative methods to estimate the optimal shrinkage parameter were used (Table S2) or antibiotics were expressed as items dispensed (Table S3) . While results were similar when restricting the analyses to E. coli (Table S4) , no antibiotic group had a significant association with trimethoprim resistance among K. pneumoniae or P. mirabilis samples (Section S2 and Table S5 ).
BRTs
While elastic net regularization can be successfully used in situations with highly correlated variables and sparse data, its interpretation can be difficult. Therefore, we also applied BRTs to the data, as results obtained using this method can intuitively be expressed as the relative importance of predictor variables.
The antibiotic groups that had the highest relative influence in the BRT are listed in Table 3 (the complete list can be found in Table S6 ). The antibiotic groups with high relative influence in the BRT were also selected by elastic net regularization, except lincosamides. However, this antibiotic group was selected by elastic net regularization if alternative methods to estimate the optimal shrinkage parameter were used (Table S2 ). The antibiotics that were significantly associated with trimethoprim resistance were among the variables with the highest relative influence in all sensitivity analyses (Tables S3 to S9 ).
The effect of the 10 antibiotic groups listed in Table 3 and the test rate were plotted using partial dependence plots, which show the effect of a variable on trimethoprim resistance after accounting for the average effects of all other variables in the full model. In line with the results from the elastic net regularization, nitrofuran derivatives and macrolides had a negative association with trimethoprim resistance (Figure 1 ). Especially trimethoprim derivatives and penicillins with extended spectrum were associated with a clear pattern of increasing trimethoprim resistance with increasing antibiotic use.
Discussion
Geographical variation in trimethoprim resistance among Enterobacteriaceae isolates from urine samples could be partly explained by geographical variation in trimethoprim use, even when taking into account confounding by use of other antibiotics using elastic net regularization and BRTs.
Using these techniques, we also observed the expected association between ampicillin/amoxicillin use and trimethoprim resistance. [7] [8] [9] In virtually all analyses, ampicillin/amoxicillin use had a similar or larger influence than trimethoprim use, suggesting that co-selection by these antibiotics is an important driver of trimethoprim resistance levels among Enterobacteriaceae at the population level.
Nitrofurantoin was clearly associated with lower resistance levels in virtually all analyses. This antibiotic is only used to treat urinary tract infections [28] [29] [30] [31] [32] and hence may be associated with less Pouwels et al.
use of trimethoprim and therefore less direct selection pressure on trimethoprim. In addition, nitrofurantoin resistance genes are, in contrast to trimethoprim resistance genes, not frequently found on mobile genetic elements with multiple resistances, presumably due to the relatively high fitness costs. 6, 33 Hence, by treating with nitrofurantoin one may actually select for bacteria that are susceptible to trimethoprim.
Based on the low resistance profile for nitrofurantoin in most European countries, low potential for co-selection of other resistances with this antibiotic, 6 and clinical efficacy equivalent to that of other antibiotics indicated for uncomplicated lower urinary tract infections, 28 nitrofurantoin has been adopted as the first-line treatment for uncomplicated urinary tract infections in many countries. [28] [29] [30] [31] [32] Our data suggest that shifting towards more use of nitrofurantoin instead of trimethoprim for these types of infections may reverse trimethoprim resistance prevalence levels, if sustained for long enough and not accompanied by compensatory increases in antibiotics that co-select for trimethoprim resistance. 34 The effect of lowering trimethoprim use on trimethoprim resistance has previously been studied in a 2 year intervention study from Sweden 34 An 85% decrease in trimethoprim-containing drugs during the intervention was accompanied by a disappointingly small effect on trimethoprim resistance 34 These results, together with other studies, 35 have increased scepticism against the effectiveness of interventions targeted at lowering antibiotic use, which are the cornerstone of many strategies aiming to tackle antibiotic resistance.
However, the overall antibiotic use was not affected during the intervention and especially pivmecillinam use increased. At the start of the intervention in 2004, the proportions of trimethoprimsusceptible and -resistant isolates also resistant to mecillinam were 4% and 26%, respectively, 34 suggesting that there was potential for co-selection. Co-selection of trimethoprim resistance
JAC
In our study, antibiotics from the J01CA (extended-spectrum penicillins) group were particularly associated with higher trimethoprim resistance, even more so than trimethoprim. Although resistance mechanisms differ for antibiotics within the J01CA group and pivmecillinam is used much more frequently in Sweden than in England, co-selection by antibiotics from this J01CA group, including pivmecillinam and ampicillin, might partly explain the disappointing results from the Swedish study. Given the much lower potential for co-selection for nitrofurantoin-resistance of trimethoprim-susceptible and -resistant isolates to nitrofurantoin was 0.5% and 2%, respectively, in the Swedish study 34 -our findings indicate that replacing trimethoprim with nitrofurantoin for uncomplicated urinary tract infections may have a more beneficial impact from a resistance point of view. These findings may encourage clinicians to adhere to the recent guideline change in England recommending nitrofurantoin as first-line treatment for uncomplicated urinary tract infections and trimethoprim use only if there is a low risk of resistance. 36 A major strength of this study is that, in contrast to previous studies, we took into account confounding by use of other antibiotic groups when evaluating associations between use of specific antibiotics and trimethoprim resistance. The methodology we used allowed us not only to control for confounding by other antibiotics, but also identified potential co-selection mechanisms. Our research is timely, given the recent change in English guidelines, recommending nitrofurantoin as first-line treatment for uncomplicated urinary tract infections and use of trimethoprim only if there is low risk of resistance. 36 In addition we used advanced methodology, i.e. elastic net regularization and BRTs, which are better able to deal with sparse data and multicollinearity issues than the crude analyses or standard regression models applied in previous studies. Furthermore, the application of both elastic net regularization and BRTs and the high number of sensitivity analyses (e.g. antibiotic use based both on DDDs and items dispensed), strengthen the confidence in our results.
Finally, we focused on trimethoprim resistance among Enterobacteriaceae because for this combination there are several in vivo, in vitro and database studies that could be used to sensecheck our results from a biological perspective. For future work it would be interesting to apply the same methodology for less well researched resistances. As such, the methodology we applied here could also identify potential areas of interest.
There are also some factors that complicate the interpretation of our results. The most important consideration is that our results represent associations and are not necessarily causal. We acknowledge that we could not take into account confounding by unmeasured factors, such as antibiotic use in hospitals. However, almost 80% of antibiotics are prescribed in primary care in Pouwels et al.
England. 37 Although we do not have information about whether patients actually took the antibiotics, it is unlikely that there is strong geographical variation in the percentage of prescriptions that actually lead to antibiotic consumption. CLSI methodology has higher MIC breakpoints than EUCAST or BSAC methodology; this may have led to some bias if CCGs with more samples being tested using CLSI (associated with lower resistance rates) also had different patterns in antibiotic use. However, the majority of samples were tested using BSAC methodologies, thereby minimizing the influence of such bias.
Because urine samples are more likely to be sent for testing in situations where there is an increased likelihood of the pathogen being resistant-English guidelines recommend against routine sending of samples from adult women-the proportion of resistance is likely overestimated. However, by adjusting for the testing rate per population we have likely removed most potential confounding due to differences in tendency to send samples between different CCGs.
Prescribing may partly differ as a consequence of trimethoprim resistance instead of the other way around. Reverse causation would occur if higher trimethoprim resistance proportions would result in altered antibiotic prescribing patterns. This is mainly relevant for conditions where trimethoprim is being used as an important treatment option, i.e. urinary tract infections. If such reverse causation did play an important role, one would expect nitrofurantoin, the most common treatment for urinary tract infections besides trimethoprim, to be associated with higher trimethoprim resistance levels. However, in contrast we found that higher nitrofurantoin prescribing rates were associated with lower trimethoprim resistance levels, suggesting that the potential influence of reverse causation is limited.
Future work is needed to confirm/falsify some of the associations we observed. Moreover, results may not be generalizable to countries other than England, because of differences in (co-)resistance and antibiotic use patterns.
Conclusions
In conclusion, elastic net regularization and generalized boosted regression models both identified trimethoprim use as a predictor of geographical variation in the proportion of Enterobacteriaceae urinary samples resistant to trimethoprim. Importantly, ampicillin/ amoxicillin use seemed to have a larger influence than trimethoprim use, suggesting that co-selection by these antibiotics is an important driver of trimethoprim resistance levels at the population level. The observation that nitrofurantoin was consistently tests/1000 inhabitants J01DB, DDDs/1000/day J01CA, DDDs/1000/day Figure 1 . Partial dependence plots for the 11 most influential variables (10 antibiotics and the test rate) in the generalized boosted regression model assessing the association between antibiotics expressed as DDDs/1000 inhabitants/day (DDDs/1000/day) and trimethoprim resistance among Enterobacteriaceae urinary samples. y-Axes are centred to have zero mean over the data distribution. A line with a positive slope indicates that regions with higher use of that antibiotic also have a higher trimethoprim resistance prevalence among Enterobacteriaceae urinary samples.
Co-selection of trimethoprim resistance JAC associated with lower trimethoprim resistance levels may indicate that trimethoprim resistance levels could be reversible if trimethoprim use is replaced by antibiotics that have low co-selection potential, such as nitrofurantoin.
